The pollution of surface and drinking water with pharmaceuticals is one of the growing problems. One of the groups used in large quantities involves nonsteroidal anti-inflammatory drugs which can be bought without a prescription. This group includes naproxen, which was identified in wastewater, surface water and even drinking water all over the world. The aim of the study was to assess the opportunities for the removal of naproxen sodium from water using carbon sorbents. The measurements were carried out for three commercial microporous (WG-12 and F-300) and micro-mesoporous (ROW 08 Supra) activated carbons. The kinetics and statics of adsorption were studied. The adsorption from solutions with pH from 6 to 10 and temperature from 20 o C to 40 o C was analysed. It was found that the higher the pH, the lower the adsorption and the higher the temperature, the greater the adsorption of naproxen sodium. The highest adsorption of naproxen sodium was obtained for the F-300 activated carbon, whereas the lowest -for the ROW 08 Supra activated carbon. It was found that the adsorption results depend on many factors, the most important of which include hydrogen bonds between carboxyl groups of naproxen sodium and phenolic groups on the surface of activated carbons and electrostatic repulsion between the anions of naproxen sodium and negatively charged the surface of the activated carbon. The results of adsorption kinetics were described with the following models: pseudo-first order and pseudo-second order, intraparticle diffusion, and Elovich. The highest values of correlation coefficient R 2 were obtained for the pseudo-second order and Elovich model. The results of adsorption statics were described using the Freundlich, Langmuir, and Temkin models. A good match between isotherms and the obtained results was obtained for the Freundlich and Temkin equations. It was found based on the adsorption intensity 1/n and distribution coefficient R L that this process was beneficial for all the considered activated carbons and the investigated adsorption conditions.
INTRODUCTION
The pollution of the environment by pharmaceuticals and protection against their effects is an increasingly common topic of research. The high consumption of drugs results in their presence in raw and treated wastewater, surface water, groundwater and even drinking water all over the world (Lach et al. 2018; Szymonik et al., 2017) . Although this problem has been addressed for many years, no standard has been established to date and there are no legal documents specifying the permissible contents of pharmaceuticals in the raw sewage discharged from wastewater treatment plants, and thus released to ecosystems. The most common pharmaceuticals identified in the aquatic environment are beta-blockers, nonsteroidal anti-inflammatory drugs, antibiotics, female sex hormones, lipid metabolism regulators and antiepileptic drugs (Nikolaou et al., 2007) . As early as 2009, de Voogt et al. found that the substances that deserve special attention include atenolol, bezafibrate, ciprofloxacin, diclofenac, erythromycin, gemfibrozil, ibuprofen, carbamazepine, naproxen and sulfamethoxazole, since they are highly toxic to the living organisms, have a high persistence in the environment and are consumed in large quantities. These researchers postulated that these substances should be monitored first (Voogt et al., 2009 ). However, in 2012, the European Commission added only diclofenac, ethinylestradiol and estradiol (Annex of Directive 2000/60/EC of European Parliament and the Council on priority substances in the field of water policy, Brussels 31.01.2012;2011) to the list of compounds the concentrations of which in the EU waters should be monitored. The studies devoted to the problem of environmental pollution with pharmaceuticals are constantly being conducted, which is evidenced by the fact that on 11 March 2019, the European Commission issued a communication entitled "European Union Strategic Approach to Pharmaceuticals in the Environment".
Due to their anti-inflammatory, analgesic and antipyretic effects, the nonsteroidal anti-inflammatory drugs (ibuprofen, naproxen, diclofenac, ketoprofen) are often used and commonly detected in the aquatic environment (Bui and Choi, 2010; Onal et al., 2007) . These pharmaceuticals are considered to be of high environmental risk, even if they occur in water in trace (ng/L) or low amounts (µg/L) (Hernando et al., 2006; Manzo et al., 2014) . These compounds are often removed in conventional wastewater treatment plants with low efficiency (Feng et al., 2013) .
Naproxen is widely used in medicine and veterinary medicine as an analgesic, anti-inflammatory and antipyretic agent. Despite the lack of monitoring of this compound, its presence was found in the surface waters of many countries, e.g. Poland (300 ng/L) ( (Czerwiński et al., 2015) . This medicine was also present in drinking water in Poland (13 ng/L) (Zgoła-Grześkowiak, 2010), Spain (0.5 ng/L) (Carmona et al., 2014) , and France (0.2 ng/L) (Togola and Budzinski, 2008).
The analysis on the usefulness of various methods of removing naproxen revealed that high efficiency was obtained in the cases of using oxidation, membrane and adsorption methodologies (Klavarioti et al., 2009; Monteiro and Boxall, 2010; Tambosi et al., 2010) . However, it should be stressed that in many cases, the naproxen oxidation products are more toxic than the parent compound (Stancova et al., 2015) . Taking into account the high efficiency of adsorption, the lack of by-products and the ease of the process, this methodology should be considered for the removal of naproxen. To date, the topic of naproxen adsorption has been discussed by few researchers and requires more extensive analysis.
The aim of this paper was to investigate the potential of using commercial carbon sorbents to remove naproxen sodium from water, analyse the kinetics and statics of adsorption and to evaluate the effect of process conditions on the process efficiency.
METHODOLOGY Naproxen sodium adsorption
The naproxen sodium used in the experiment was produced by Sigma Aldrich. The characteristics of naproxen sodium are shown in Table 1 . The concentrations were determined with the spectrophotometric method (UV-vis) at λ=230 nm (Attia et al., 2013; Onal et al., 2007) . The properties of sodium diclofenac are presented in Table 1 .
The kinetics and statics of adsorption
The conditions of conducting the process of adsorption kinetics and statics are presented in Table 2 . The experiments were carried out for a 0.25 L solution. The solution with activated carbon was mixed with the rotational speed of 160 rpm. The adsorption kinetics examinations were conducted for 10 h taking samples every 1 h, whereas adsorption statics -for 24 h (10 h of mixing and 14 h of contact without mixing).
The following models were used to describe the kinetics of adsorption: pseudo-first-order, pseudo-second order, Elovich, intraparticle diffusion model (Weber-Morris). The adsorption statics were described using the models developed by . Furthermore, the R L separator was calculated based on the Langmuir isothermal constants. The constants of these equations were calculated from non-linear forms using Microsoft Excel Solver.
Activated carbons
Commercial activated coals used in water treatment plants: ROW 08 Supra (Norit, Poland), F-300 (Chemviron Carbon) and WG-12 (Gryfskand), were used in the examinations. These are microporous sorbents, with large specific surfaces and high sorption properties compared to the test substances (Table 3 ).
An FTIR Spectrum 2000 spectrometer (Perkin-Elmer) was used to determine the FTIR transmission spectra (Lach, 2019) .
RESULTS

Naproxen sodium adsorption kinetics
The naproxen sodium adsorption kinetics with the 252 mg/L solution ( Fig. 1 ) was analysed for all activated carbons used in the study. The research was conducted for 10 h, with the samples taken every 1 h. The adsorption equilibrium was established for all activated carbons at that time. The shortest time to determine the adsorption equilibrium was obtained for the F-300 activated carbon (5 h). For other carbon sorbents (ROW 08 Supra and WG-12), this time was 9 h. In this study, it was assumed that the adsorption equilibrium occurs when the change of concentration in the solution within 1 h is less than 1% of the initial concentration. Four kinetic models were used to describe the results: pseudo-first order, pseudo-second order, Elovich, and intraparticle diffusion ( Table 1) . Among the models used, the best fit for WG-12 and F-300 activated carbons was obtained for the pseudo-second order kinetics equation (R 2 0.9794 and 0.9712, respectively), and for ROW 08 Supra-Elovich equation (R 2 0.9860). According to Płaziński and Rudziński (2011) , the pseudo-first and pseudo-second order models are empirical and do not represent any physical model (Płaziński and Rudziński, 2011) . A good match between the results obtained and the Elovich model may indicate a significant effect of chemisorption on the process effects . Other authors also obtained a good match between the results of naproxen sodium kinetics on activated carbon and the pseudo-second order equations (Baccar et al., 2012; Onal et al., 2007 ; Sarici-Ozdemir and Onal, 2010) . The analysis of the k 2 coefficient of the pseudo-second order kinetics equation, which characterizes the adsorption rate and the Elovich isothermal coefficient α (initial adsorption rate), activated carbons can be ranked as follows: F-300˃ ROW08 ˃ WG-12. It should be noted that the rate of adsorption is almost twice as high on F-300 than on the other two.
Naproxen sodium adsorption statics
The studies on the adsorption of naproxen sodium were conducted on three commercial activated carbons from solutions with pH of 6, 8 and 10. In these solutions, naproxen sodium is well soluble, and at the same time, the pH range is in accordance with the guidelines for drinking water (pH=6.5÷9.5) (Fig. 2 ). In the analysed solutions, naproxen sodium occurs in a dissociated form (pH=6, dissociation 98.5%, pH=8 -99.9%). In these solutions, the compound occurs mainly in the form of anions. Regardless of the activated carbon used, an increase in the pH of the solution caused a decrease in the adsorption of naproxen sodium. For all activated carbons, the differences between pH 6 and 8 were small. A very clear decrease in the sorption capacity was observed when the pH of the solutions was increased to 10.
The observed decrease in adsorption may be related to the competitiveness of naproxen sodium anions and OHions, with their number greater for the higher pH of the solution. Both basic and acidic groups are usually present on the surface of activated carbons produced using the steamgas process. Dissociation of weak basic groups (O -, COO -) of the surface of activated carbons is observed in alkaline solutions, leading to the electrostatic repulsion of the sorbed anions. Similar effects of pH were also found by other researchers In a solution with pH=6, dissociation of weak basic functional groups on the carbon surface and electrostatic attraction between these groups and naproxen sodium anions is likely. Taking into account the obtained adsorption capacities, regardless of the pH of the solution, the best results were obtained on the F-300 activated carbon, whereas the weakest were found for the ROW 08 Supra activated carbon. The F-300 activated carbon has the highest number of acidic groups and the lowest number of basic groups determined by the Bohem method (Table 3 ). Other activated carbons were characterized by a similar number of acidic groups. The adsorption of naproxen sodium occurred in the smallest amounts on the ROW 08 activated carbon, despite the fact that this carbon had quite a large number of basic groups. On the basis of the study results, no simple correlations were found between the number of groups on the surface of activated carbons and the effectiveness of naproxen sodium adsorption. The porous structure and availability of active places can also influence the results. However, since adsorption from the solution with pH=10 is quite high (ca. 100 mg/g), electrostatic interactions are not decisive during the adsorption of naproxen sodium. The F-300 activated carbon, which was the most effective in naproxen sodium absorption, is characterized by the smallest specific surface area, the smallest total pore volume and the average volume of micropores among the activated carbons tested. Therefore, physical adsorption is most likely not the decisive mechanism for the adsorption of naproxen sodium. Similarly to other nonsteroidal anti-inflammatory drugs, adsorption may result from hydrogen bonds (H-bond) between phenolic groups on the surface of activated carbon and carboxyl groups of naproxen sodium (Bhadra et al., 2016; Paul et al., 2014) . The examinations of FTIR spectra confirmed the highest number of phenolic groups (the highest intensity of the bands of phenolic O-H groups that form the hydrogen bond 3200-3500 cm -1 ) on the F-300 activated carbon, which was characterized by the highest efficiency of naproxen sodium removal. The obtained results were described using the Freundlich, Langmuir and Tempkin isothermal models ( Table 5) . High values of the correlation coefficient were obtained by describing the results with the Freundlich equation (0.9423<R 2 <0.9835) and Temkin equation (0.849<R 2 <0.9912). Adsorption on all activated carbons was beneficial because the value of Freundlich isothermal factor 1/n ranged from 1 and 10 (except for adsorption on WG-12 carbon from a solution with pH=10 when 1/n=0.0933). For all activated carbons and for all analysed pH values, the 1/n values are similar and range from 0.0983 to 0.1484. This demonstrates the diversity of active places on the surface of activated carbon. If these values are closer to 0 than 1, as is the presented case, a low heterogeneity of the surface of activated carbons can be concluded. The advantageous nature of the process is confirmed by the value of the division coefficient R L ranging from 0 to 1 (from 0.001 to 0.026). The K F coefficient, which characterizes sorption capacity of activated carbons, was the highest for activated carbon F-300 and pH=6 (K F =83.534 mg/g) and the lowest for ROW 08 Supra and pH=10 (K F =53.379 mg/g).
The Temkin equation is an isotherm that is equally well suited to the results. This isotherm, similarly to the Freundlich isotherm, assumes a monolayer adsorption and surface heterogeneity. This proves that the adsorption potential of the surfaces used in the testing of activated carbons is slightly different.
The temperature was another examined parameter that affects the effectiveness of the adsorption processes. The examinations of the adsorption of naproxen sodium on activated carbon were carried out at temperatures of 25, 37 and 50 o C (Fig. 3 , Table 5 ). The efficiency of naproxen sodium adsorption increased along with the temperature. The differences are quite large for all activated carbons. The process of adsorption of naproxen sodium on the carbon sorbents studied is therefore endothermic. Since physical adsorption is exothermic, this confirms the previous observations that the chemical interactions are important during the naproxen sodium adsorption. Similar tendencies were also documented by other researchers (Onal et al., 2008 ; Sarici-Ozdemir and Onal, 2010 ). An increase in adsorption following a rise in temperature may lead to the increasing mobility of molecules and an increase in affinity of adsorbate molecules to the surface of the adsorbent (Ozdemir and Onal, 2010) Such a different effect of temperature was most likely caused by the differences in the structure of carbon sorbents used in the studies and different dominant mechanisms of adsorption.
The effect of the adsorbent dose on the effectiveness of naproxen sodium adsorption was also analysed (Fig. 5 ). The effect of the adsorbent dose was evaluated for two initial concentrations: 252 and 1008 mg/L. The adsorbent doses from 1 to 10 g/L were analysed. Similar doses were also used by other researchers during adsorption of various nonsteroidal anti-inflammatory drugs, e.g. Baccar (Nourmoradi et al., 2018) ). When lower concentrations of naproxen sodium were used (252 mg/L) for all activated carbons, the dose of 3 g/L resulted in a decrease in the concentration by more than 95%. In the case of a higher concentration, the dose of 8 g/L of the F-300 activated carbon allowed for exceeding 95% of the drug removal threshold, whereas for the WG-12 activated carbon, such a dose was 9 g/L. For the ROW 08 Supra activated carbon, the removal of naproxen sodium was not exceeded 95% even for a dose of 10 g/L.
CONCLUSIONS
1. The F-300, ROW 08 Supra, WG-12 commercial activated carbons can be used to remove naproxen sodium from water because they have quite high adsorption capacities ranging from q m of 96.20 mg/g (ROW 08, pH=10, T=20 o C) to 182.05 mg/g (F-300, pH=6, T=40 o C). Adsorption of naproxen sodium occurred in the highest amount on the F-300 activated carbon, whereas the lowest amounts were found for ROW 08 Supra over the entire range of solution pH.
2. For all pH values (6, 8, 10) , temperatures (20, 30, 40 o C) and all activated carbons used, the process of naproxen sodium adsorption was favourable (adsorption intensity 1/n in the range of 1-10, distribution coefficient R L in the range of 0-1).
3.
A significant effect of pH on the magnitude of naproxen sodium adsorption was found for all activated carbons (the higher pH, the lower the adsorption). This leads to the conclusion that that the electrostatic forces and chemical bonds (formation of hydrogen bonds between the carboxyl groups of naproxen sodium and the phenolic groups on the surface of activated carbons as well as the electrostatic repulsion between the anions of naproxen sodium and negatively charged surface of activated carbon) have a significant influence on the adsorption results.
4. It was found for naproxen sodium adsorption at the temperatures of 20, 30 and 40°C that the process is endothermic (the higher the temperature, the most efficient the adsorption). This confirms the significant effect of chemical adsorption on the magnitude of adsorption of the pharmaceuticals.
5. The analysis of the results obtained for the analysed isotherms (Freundlich, Langmuir and Temkin) revealed that the highest correlation coefficients were obtained for the Freundlich and Temkin equations, whereas the lowestfor Langmuir.
6. Adsorption kinetics is well-described by Elovich and pseudo-second order equations. The fastest adsorption occurred on the F-300 activated carbon (value of k 2 about twice as high as for other activated carbons).
